Abstract IL-7 is pivotal for B cell development. Proteins of the Bcl-2 family are essential regulators of lymphocyte survival. Particularly, the pro-apoptotic BH3-only members Bim and Puma mediate lymphocyte apoptosis provoked by cytokine deprivation. Herein, we addressed whether the absence of Bim or Puma within the hematopoietic compartment could bypass the requirement for IL-7-driven B cell development in adult mice. We found that deficiency of Bim, but not Puma, partially rescued B cell development in the absence of IL-7. The numbers of both sIgM 2 and sIgM 1 B cells were markedly increased in the bone marrow of recipients lacking IL-7 upon reconstitution with Bim-deficient hematopoietic progenitors, compared with their control or Puma-deficient counterparts. The augmentation of B cell lymphopoiesis in the absence of Bim was reflected in the mature peripheral compartment by an increase in both the number of immature and mature B cells in the spleen and in the circulating IgM levels. Bim-deficient B cells were also increased in IL-7-sufficient recipients suggesting that peripheral B cells homeostasis is governed by a Bim-dependent and IL-7-independent mechanism. Our data highlight the role of Bim as a key regulator of cell survival during B lymphocyte development in vivo.
Introduction
Apoptosis is a fundamental process for maintaining cellular homeostasis of the immune system. During their lifespan, hematopoietic cells, including B lymphocytes, constantly receive environmental signals that influence cell survival and death decisions (1) . IL-7, a common cytokine receptorgamma chain (c c )-dependent cytokine produced by stromal cells, is essential for B cell development (2) . IL-7 binds a dimeric receptor composed of the specific IL-7 receptor (IL-7R) a chain and the c c chain (3) . Upon ligand binding to the IL-7 receptor complex, multiple survival, mitogenic and maturation signals are triggered that orchestrate normal B cell differentiation (4) . IL-7-driven signaling cascades are tightly connected to the mitochondrial (also called 'intrinsic' or 'Bcl-2-regulated') apoptosis pathway that dictates the decision of a cell to survive or die (5) .
Members of the Bcl-2 protein family are critical apoptosis regulators that can be divided into three main subgroups based on their structural and functional properties (5) . The anti-apoptotic members (e.g. Bcl-2 and Mcl-1) contain up to four Bcl-2 homology (BH) regions and are essential for cell survival by direct and/or indirect inhibition of pro-apoptotic counterparts. Pro-apoptotic members are clustered in two groups: Bax-like and BH3-only members. Bax-Bak-like proteins contain BH1, BH2, BH3 regions and share extensive structural homology with their pro-survival relatives, although they mediate mitochondrial outer membrane permeabilization, mitochondrial release of apoptogenic factors (e.g. cytochrome c) and subsequent caspase-mediated cell destruction. The BH3-only proteins, including Bim/Bod, Bid, Bik/Blk/Nbk, Bad, Bmf, Harakiri/DP5, Puma/Bbc3 and Noxa, share with each other and the Bcl-2 family the BH3 domain. This group of pro-apoptotic proteins lies upstream in this apoptotic cascade and is activated in response to several intracellular and extracellular forms of stress insults (e.g. cytokine deprivation) that initiate apoptosis. While Bax and Bak are unequivocally required to induce apoptosis, the role of the individual BH3-only proteins in regulating lymphocyte apoptosis remains unresolved (1, 5) .
Growth factor receptor signaling controls cell survival (at least in part) through transcriptional and post-translational regulation of both pro-and anti-apoptotic members of the Bcl-2 family (5). Growth factor receptor-mediated signals augment the expression of the anti-apoptotic proteins Bcl-2 and Mcl-1 and reduce the expression of the pro-apoptotic BH3-only proteins Bim and Puma. Conversely, growth factor or cytokine deprivation engages opposing signaling cascades, including the de novo synthesis of the BH3-only proteins Puma and Bim, which have both been shown to modulate apoptosis under these conditions (6) (7) (8) (9) (10) . The overt lymphadenopathy observed in the absence of Bim in mice identified this protein as an essential mediator of apoptosis under cytokine and growth factor deprivation (11, 12) . Bim-deficient mice have augmented numbers of immature and mature B cells as well as Ig-secreting plasma cells (13) . However, loss of Bim was reported to be insufficient to rescue B cell development but to secure survival of B cell precursors without further B cell maturation in the absence of IL-7 (14, 15) . It was concluded that IL-7/IL-7R-driven signals appear to promote, apart from cell survival, essential additional maturation signals essential for B cell ontogeny (16) . It is noteworthy that the aforementioned studies were performed using mice lacking Bim in all somatic cells, which may encompass apoptotic defects in cells and tissues of non-hematopoietic origin (17) (18) (19) , including stromal cells known to be critical for B cell development. Moreover, IL-7 sustains the viability of activated Bim-deficient T cells (10) indicating that IL-7/IL-7R signaling might activate additional, previously unappreciated, Bim-independent pathways securing lymphocyte survival that warrant further investigation. The BH3-only protein Puma appears as an interesting candidate for apoptosis signaling provoked by IL-7 deprivation since its loss has been shown to enhance resistance of several hematopoietic cell subsets to growth factor withdrawal and combined loss of Bim and Puma in mice led to the accumulation of B cell numbers beyond those observed in mice lacking Bim alone (8, 10, 13, 20) . However, whether Puma is also involved in the apoptosis cascade provoked by absence of IL-7 is unknown.
To dissect the roles of Puma and Bim in IL-7-driven adult B cell development, we addressed how the deficiency in these BH3-only proteins in the hematopoietic compartment influences B cell ontogeny in the presence or absence of IL-7. Our data show that lack of Bim, but not Puma, permits to some extent adult B cell development and maturation in the absence of IL-7.
Materials and methods

Mice
Rag2.IL-7 double-knockout (DKO) and RAG2.c c DKO mice on a C57BL/6 background were used as recipients and were described previously (21, 22) . WT (C57BL/6), Puma KO and Bim KO mice were used as a source of hematopoietic stem cells (Lin
À
Sca
+ cKit + , LSK cells). The generation and genotyping of the Puma KO (generated on an inbred C57BL/6 background using C57BL/6-derived ES cells) and Bim KO (generated on a mixed C57BL/6 3 129SV background using 129SV-derived ES cells but backcrossed onto the C57BL/6 background for >15 generations) have been described previously (12, 23) . All mice were kept in specific pathogen-free conditions at the Institute Pasteur or at the Innsbruck Medical University and all animal experiments were approved by the committee on animal experimentation at the Institute Pasteur (Paris, France) and were approved by the French Ministry of Agriculture.
Hematopoietic stem cell sorting and hematopoietic reconstitution assays
Hematopoietic stem cells (Lin À Sca + cKit + , LSK cells) were isolated as described previously (16) . Briefly, bone marrow cells were stained with PE-conjugated monoclonal antibodies for CD3 (145-2C11), CD4 (RM4-5), CD8alpha (53-6.7), B220 (RA3-6B2), NK1.1 (PK136), CD11b (M1/70), Gr-1 (RB6-8C5) and Ter-119. Depletion of Lin + cells was performed by magnetic-activated cell separation using anti-PE antibody coated MicroBeads (Miltenyi Biotec) according to the manufacturer's instructions. After depletion, the Lin À fraction was stained with anti-Sca-1-FITC (E13-161.7), anti-c-Kit-allophycocyanin (2B8) antibodies. Dead cells were stained with 4#,6-diamidino-2-phenylindole and excluded by electronic gating. Cell sorting was performed on a cell sorter (FACSAria, BD Biosciences).
Recipient mice were exposed to a single dose of irradiation (600 rad). Mice were reconstituted intravenously using purified hematopoietic stem cells from WT, Puma KO and Bim KO mice. Analysis was performed 9-11 weeks following reconstitution.
Antibodies and flow cytometry
FITC-conjugated anti-Sca-1(E13-161.7), FITC-conjugated anti-CD21(7G6), PE-conjugated anti-Ter-119 (Ly-76), PEconjugated anti-CD4 (RM4-5), PerCP-cyanine 5.5-conjugated anti-NK1.1 (PK136), allophycocyanin-cyanine 7-conjugated anti-CD19 (1D3), allophycocyanin-conjugated anti-B220 (RA3-6B2), allophycocyanin-cyanine 7-conjugated antiCD11b (M1/70), PerCP-cyanine 5.5-conjugated anti-CD45.2 (104), biotin-conjugated anti-CD23 (B3B4) and streptavidin-PE-cyanine 7 antibodies were purchased from Becton Dickinson PharMingen. FITC-conjugated anti-CD49b (DX5), PE-conjugated anti-CD122 (TM-b1), PerCP-cyanine 5.5-conjugated anti-CD3 (145-2C11), PE-cyanine 7-conjugated anti-GR-1 (Ly-6G RB6.8C5) and allophycocyanin-conjugated anti-c-Kit (2B8) antibodies were purchased from eBiosciences. FITC-conjugated anti-IgD and PE-conjugated anti-IgM antibodies were purchased from Southern Biotechnologies Associate. Stained cells were analyzed in an FACSCanto (Becton Dickinson PharMingen) and data processed with FlowJo software (Treestar).
Quantification of serum Ig titers
Total IgG and IgM serum titers were measured by ELISA. Flexible U-bottom 96-well plates were coated with 1 mg ml À1 unlabeled goat anti-mouse Ig(H + L) antibodies in sodium carbonate buffer pH 9.6 (Sigma) overnight at 4°C. The plates were blocked with 200 ml PBS with 1% FCS, 0.5% Tween 20 and 0.6% skim milk powder and then washed three times in PBS containing 0.1% Tween 20, PBS and H 2 O before the addition of 1/3 serial dilutions of mouse serum in blocking solution. Sera were prepared by eye bleeding of mice without the addition of heparin. Blood was left to clot for 4 h at 4°C and centrifuged at 13 000 r.p.m. The supernatants were removed and starting dilutions of 1/10 were used for ELISA. Plates were incubated for 2 h at room temperature and washed three times as described above. Goat anti-mouse IgG1 or goat anti-mouse IgM antibodies conjugated to HRP (Southern Biotech) diluted to 1 mg ml À1 in blocking solution were added to the wells and incubated for 4 h at room temperature before further washing. Bound HRP was detected by the addition of 100 ml of TMB liquid substrate (Sigma). Reactions were stopped after 15 min by addition of 100 ml 2M H 2 SO 4 and the absorbances at 405 nm were measured using a Kinetic Microplate Reader (Molecular Devices).
In vitro assays
Total splenocytes were labeled with 5 lM CFSE (Molecular Probes, Oregon, USA). CFSE-labeled splenocytes were cultured for 5 days at 37°C in 5% CO 2 atmosphere, in RPMI with 10% FCS in the presence of 20 lg ml À1 LPS (Sigma) and 50 ng ml À1 IL-4 (Peprotech) as previously described (24).
Statistical analysis
The Mann-Whitney t-test was used to perform statistical analysis of significance. P < 0.05 was considered significant.
Results
Defects in adult B cell development caused by the absence of IL-7 can be partially overcome by lack of Bim but not Puma
To address the roles of the BH3-only proteins Puma and Bim during IL-7-driven B cell development, two groups of sublethally irradiated immunodeficient recipients, RAG2.c c DKO and RAG2.IL-7 DKO mice, were reconstituted with WT, Puma KO, and Bim KO hematopoietic stem cell precursors (Lin À Sca + cKit + or LSK cells; see Methods). RAG2.c c DKO mice were used as a control group to RAG2.IL-7 DKO mice because both recipients have a similar block in B cell development (pro-B cell stage) due to the lack of IL-7 signaling (25). Secondly, both recipients are devoid of Peyer's patches and have reduced numbers of peripheral lymph nodes (2, 26) and therefore questions on peripheral B cell homeostasis can be more appropriately compared. Mice were analyzed 9-11 weeks following reconstitution. Unreconstituted hosts were devoid of mature B and T cells, and in the case of RAG2.c c DKO, NK cells were also absent (21, 22) . The number of LSK cells was comparable between all genotypes analyzed (data not shown). NK cells that developed in RAG2.c c DKO recipients after reconstitution were donor derived and their numbers were similar for all genotypes analyzed (data not shown), consistent with a similar number of injected hematopoietic progenitors. Further, the number of myeloid and erythroid cells was identical in all genotypes (data not shown), suggesting that NK, myeloid and erythroid cell development was grossly unaffected by lack of Puma or Bim. For simplicity, we will henceforth refer to RAG2. (Fig. 1B ii-iv) .
In IL-7 + recipients, and consistent with their dependence on IL-7, the number of total B-lineage cells was markedly increased, with a moderate increase in the numbers of Bim KO B-lineage cells (average fold difference Bim/WT = 2.4) compared with IL-7 + recipients reconstituted with WT or Puma KO stem cells. This augmentation was likely due to the increased numbers of immature/mature-B cells (B220 + CD19 + sIgM + ), as the numbers of sIgM À B cell progenitors (pro-/pre-B cells: B220 + CD19 + IgM À ) were relatively constant among genotypes (Fig. 2B ii-iv) . IL-7 À mice reconstituted with WT stem cells displayed a 73-fold reduction in the number of total B-lineage cells (average 1.9 3 10 4 cells) when compared with the number of total B-lineage cells obtained in an IL-7 + recipient transplanted with WT stem cells (average 1.4 3 10 6 cells). Yet, this marked defect in IL-7 À recipients could be substantially ameliorated to a 14-fold reduction when Bim-deficient stem cells were used for transplantation (average 1.3 3 10 factor, besides Bim and independent from Puma, may be neutralized by IL-7 signaling during B cell maturation. In addition, our data provide the first evidence that lack of Bim in progenitor B cells is sufficient to augment adult B cell lymphopoiesis in the absence of IL-7.
Splenic Bim-deficient B cells accumulate in IL-7 sufficient as well as IL-7-deficient mice Next, we assessed how the absence of Bim or Puma impacted on the peripheral B cell compartment. As recipient mice were virtually devoid of lymph nodes due to the absence of IL-7 signaling (2, 26, 27), we focused our analysis in the spleen. Consistent with our findings in the bone marrow, WT and Puma KO stem cell-reconstituted IL-7 À recipients contained very few splenic B cells. In contrast, a clearly identifiable population of splenic B cells was consistently found in Bim KO stem cell-reconstituted IL-7 À recipients (Fig. 3A) . Phenotypically, this population comprised all classical B cell subsets, including both immature/transitional (sIgM (Fig. 3B) . In IL-7 + recipients, the frequency of B cells was generally similar among WT and Puma KO stem cellsreconstituted mice, yet consistently augmented in Bim KO stem cells-reconstituted counterparts (Fig. 4A) . The relative cellular subset distribution in both immature and mature B cells and follicular and marginal zone B cells was similar among the different genotypes (Fig. 4B) .
The total splenic cellularity was augmented in IL-7 + recipients of all genotypes of donors (WT, Puma KO and Bim KO) when compared with IL-7
À recipient counterparts and without any statistically significant differences among genotypes (although the cellularity was slightly elevated in Bim KO stem cell-reconstituted IL-7 + animals; Fig. 3C and 4C ). As in the bone marrow, the total number of B cells was significantly augmented in Bim KO stem cell-reconstituted IL-7
À recipients (average fold difference Bim/WT = 5.1) compared with IL-7 À mice reconstituted with WT or Puma KO stem cells, with a marked increased in all B cell subsets analyzed (Fig. 3D) . Quantitatively, WT stem cell-reconstituted IL-7 À mice displayed a 31-fold reduction in total B cells (0.4 3 10 6 cells) compared with the number of total B cells found in WT stem cell-reconstituted IL-7 + recipient (average 12 3 10 6 ). Similar to the bone marrow, lack of Bim attenuated this defect to a 6-fold reduction (1.9 3 10 6 cells) (Figs 3C and 4C, total B cells). In IL-7 + recipients, the total number of Bim KO B cells was also markedly increased compared with WT and Puma KO stem cell-reconstituted animals (average 4.6-fold increase). This augmentation was observed in both immature as well as mature B cells (Fig. 4D) . Overall, our data suggest that Bim KO B cells mature and persist in both an IL-7-deficient and an IL-7-sufficient environment, indicating that Bim controls peripheral B cell homeostasis in an IL-7-independent fashion.
Augmented serum IgM levels in IL-7-deficient mice reconstituted with hematopoietic stem cells lacking Bim, but not Puma
To assess whether B cells that developed from Bim KO hematopoietic progenitors in the absence of IL-7 were functional, we measured the total IgM and IgG levels in the sera of reconstituted mice and assessed B cell proliferative responses to mitogens. Ig levels in Bim KO or Puma KO stem cell-reconstituted mice were normalized to their WT stem cell-reconstituted counterparts. In accordance with the augmentation in B cell numbers, serum IgM levels were 4-to 5-fold increased in WT stem cell-reconstituted IL-7 + mice compared with the WT stem cell reconstituted with IL-7 À recipients (data not shown). Remarkably, in Bim KO stem cell transplanted IL-7 À recipients, serum IgM levels were 3-to 4-fold increased compared with WT or Puma KO stem cell-reconstituted IL-7 À animals (Fig. 5A) . Serum IgG levels were very low or absent in all IL-7 À recipients regardless of the genotype of stem cells that had been transferred. This lack of IgG may be explained by the absence of T cells in IL-7 À recipients. Deficiency in Bim did not restore the peripheral T cell pool in the absence of IL-7 (T cells were detected in 1/5 Bim KO-reconstituted recipients, data not shown). In contrast, T lymphopoiesis in the thymus and peripheral T cell numbers was normal in IL-7
+ recipients reconstituted with stem cells from all genotypes of donors (data not shown). In Bim KO stem cell-reconstituted IL-7 + recipients both IgM and IgG levels were elevated compared with WT or Puma KO counterparts (Fig. 5B) . Moreover, Bim KO B cells that developed in IL-7 À recipients were able to proliferate in response to LPS and IL-4 in vitro as B cells developed in IL-7 + recipients from all genotypes analyzed (Fig. 5C ). Hence, our results indicate that in an IL-7-deficient environment, B cells lacking Bim exhibit intrinsic effector functions.
Discussion
Conceptual models proposed a specific role for BH3-only proteins Puma and Bim in regulating lymphocyte apoptosis (1) . While Puma is a prime effector of apoptosis induced by p53-mediated cellular response to DNA damage, Bim is a critical mediator of apoptosis caused by growth factor withdrawal (1). Yet, recent evidence has shown a certain degree of functional overlap between Bim and Puma, as single and combined loss of these BH3-only proteins delayed apoptosis induced by cytokine deprivation (8, 10, 28) . Herein, using complementary approaches, we tested a putative functional overlap between these BH3-only proteins in regulating apoptosis during B lymphopoiesis that is caused by the absence of IL-7. Our data provide evidence that loss of Bim, but not loss of Puma, can partially rescue the development and differentiation of B cells in an IL-7-deficient environment.
Three growth factors have been identified that promote B cell development in the mouse: IL-7, Fms-related tyrosine kinase 3 ligand (FLT3L) and thymic stromal lymphopoietin (TSLP) (2, 16, 29, 30) . Whereas FLT3L and IL-7 are mandatory in governing B lymphopoiesis in fetal and adult life, TSLP is predominantly important during fetal life (29) . Accordingly, we found that adult B lymphopoiesis was significantly compromised in IL-7-deficient recipient mice upon reconstitution with WT hematopoietic progenitors. Strikingly, however, loss of Bim significantly enhanced B cell production under these circumstances (Fig. 1) . Augmented B cell numbers resulted from increases in both B cell progenitors (pro-B/pre-B cells: sIgM À B-lineage cells) and immature/mature (CD19 + sIgM + ) B cells, suggesting the existence of ongoing B lymphopoiesis in the absence of IL-7 (Fig. 1) . Cells of non-hematopoietic origin (stromal cells) are the predominant source of IL-7 (31). Although one cannot exclude the possibility that certain cells of hematopoietic origin may produce some minute amounts of IL-7, it is unlikely that those sustain B cell lymphopoiesis in our experimental system. We and others have shown that IL-7-proficient WT stem cell progenitors are not able to produce B cells in irradiated IL-7-deficient adult mice (29, 32) . Hence, IL-7 produced by cells of hematopoietic origin, if any, is not sufficient to sustain adult B cell lymphopoiesis. In IL-7-sufficient recipients, lack of Puma or Bim did not significantly affect the number of B cell precursors, suggesting that B lymphopoiesis in the presence of IL-7 is not markedly affected by lack of Bim (Fig. 2) . Our data provide evidence for the first time that lack of Bim can partially bypass the requirement for IL-7 during B cell development. Alternatively, the absence of Bim may promote an IL-7-independent pathway for B cell development that is normally concealed by the overt effects of IL-7. In this situation, TSLP, which receptor shares the IL-7Ra chain, emerges as a possible candidate promoting B cell development. Ectopic expression of TSLP appears to sustain adult B lymphopoiesis in the absence of IL-7 (32), although the effects of exogenous TSLP seem to be restricted to the neonatal period in IL-7-sufficient mice (33) . Under normal circumstances, TSLP appears to be expressed at low levels in WT-and IL-7-deficient adult mice and these low levels fail to bypass the requirement of IL-7 for adult B lymphopoiesis (29, 32, 33 ). Yet, the existing levels of TSLP, which may be elevated in lymphopenic conditions (e.g. upon whole-body gamma irradiation) as demonstrated for IL-7 (34), may be sufficient to sustain B cell development in the absence of IL-7, providing that B cell progenitor survival is ensured by lack of Bim. Worth mentioning, the overexpression of Bcl-2 is insufficient to rescue B cell development in IL-7Ra KO mice, which lack both IL-7-and TSLP-mediated signaling (35) . These findings suggest that downstream signals of IL-7Ra may inhibit a Bcl-2-independent apoptosis pathway. Alternatively, the co-operative contribution of Bcl-2 with other critical survival Bcl-2-related protein, such as Mcl-1 (binding partner of Bim) (5), may be necessary to inhibit this death cascade. From this viewpoint, it would be interesting to determine whether deficiency of Bim still permits B lymphopoiesis in the combined absence of TSLP and IL-7.
In a recent report, Marrack and colleagues. analyzed B cell development in Bim/IL-7 double-deficient mice. They found that absence of Bim failed to promote the differentiation of B cells (B220 + CD19 + IgM + ) in the absence of IL-7 (14) . In contrast, we find that Bim-deficient B cells can partially develop without IL-7. These differences may be explained in part by the distinct experimental models. In the of Oliver et al. (14) , absence of Bim may generate defects in non-hematopoietic cells that are important to sustain B cell development (17) (18) (19) . Bone marrow stromal cells provide additional signals, besides IL-7, that are required for the maturation of B cell progenitors and one of these signals may be compromised in the absence of Bim. Moreover, in Bim.IL-7 DKO mice, the IL-7 deficiency is present throughout fetal and adult B cell development, such that hematopoietic precursors may compensate for the IL-7 deficiency. In contrast, we assessed Bim-deficient precursors that develop in an IL-7-sufficient environment upon transfer to an IL-7-deficient recipient, which might limit compensatory mechanisms. Transfer of IL-7.Bim DKO stem cells into Rag2.IL-7 DKO mice may help to validate this possibility. Finally, the time course was distinct in both studies. While bone marrow of IL-7.Bim DKO mice was analyzed at 6 weeks of age, our analysis was conducted at a later time point (14-17 weeks of age; 9-11 weeks after reconstitution of irradiated recipients). Worth mentioning here, and in line with our data, that Olivier et al. (14) also noted an accumulation of B cells in the spleen of IL-7.Bim DKO mice at 12 weeks of age, which may be due to an increase in B lymphopoiesis and/or peripheral B cell survival (Figs 4, 5 and 6). Bone marrow analysis of older DKO animals might help to address this possibility.
Growth factor withdrawal engages a pro-apoptotic pathway in activated lymphocytes that entails de novo transcription of Bim and Puma (5). In the absence of growth factors (e.g. IL-3), PI3K-AKT/PKB signaling is attenuated leading to activation of forkhead transcription factor FoxO3A, which then translocate to the nucleus to mediate transcription of target genes, including the BH3-only proteins Puma and Bim (8, 10, 36) . In this scenario, one may expect that loss of Bim or Puma could provide a survival advantage to B cells that undergo development in the absence of IL-7. Yet, our data pointed to a dominant role of Bim in governing B cell homeostasis in the absence of IL-7, excluding Puma as an essential player in this process. This, however, does not exclude a role for Puma in B cell homeostasis once the B cell developmental program is achieved. Consistently, Bim.Puma DKO mice show a B cell hyperplasia that exceeds the one observed in Bim KO mice. On the other hand, loss of Bim did not restore mature B cells in IL-7 À recipients to levels found in IL-7 + mice reconstituted with WT LSK cells (Figs 1  and 2 ). This clearly indicates that at least one additional factor, presumably another BH3-only protein, may be targeted by IL-7 during B cell maturation. A good candidate for such molecule is the BH3-only protein Bmf. Mice lacking Bmf show B cell-restricted lymphadenopathy, beginning from the pre-B cell stage onwards. Moreover, Bim and Bmf are also found to be co-expressed throughout B cell development and show similar modes of post-translation regulation (37) .
The notion of competitive survival has been implicated in the control of peripheral B cell homeostasis, which relies on multiple environmental cues, including membrane-bound self-antigen and the tumor necrosis factor (TNF) cytokine family members, B cell activation factor from the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) (38, 39) . We observed an accumulation of immature as well as mature Bim-deficient B cells in the spleen of IL-7-sufficient and IL-deficient recipients suggesting that an IL-7-independent and Bim-dependent pathway governs peripheral B cell homeostasis. Accordingly, B cells accumulate in the spleen of mice lacking IL-7 (40) . The overt accumulation of Bim KO B cell subsets, including follicular and marginal zone B cells (Figs 3 and 4) , indicates that Bim is a general regulator of B cell homeostasis in vivo. The effector function of Bim-deficient B cells generated in the absence of IL-7, including the capacity to divide in response to LPS and IL-4 in culture or to produce serum soluble antibodies in vivo, appeared intact (Fig. 5) . Bim KO mice display abnormal elevated B cell numbers and serum Ig levels as consequence of disturbed B cell selection and extended B cell survival (11) (12) (13) . One may envision that mature B cells accumulating in the spleen of both IL-7
+ as well as IL-7 À recipients may contain some deleterious autoreactive B cells that have escaped negative selection. BAFF is a critical regulator of peripheral B cell homeostasis, providing survival and maturation signals essential to the conversion of peripheral immature into mature recirculating B cells (38, 39) . Interestingly, BAFF-mediated signals are able to thwart BCRmediated apoptosis through suppression of Bim suggesting that concerted signaling through BCR and BAFF receptors modulates mature B cell homeostasis (41) . In this context, loss of Bim may also correct the defects in mature B cell homeostasis caused by deficiency in BAFF-BAFF-R signaling.
In conclusion, we provide evidence that adult B cell development could be partially rescued in the absence of IL-7 by the loss of Bim, but not by the loss of Puma, in hematopoietic progenitors. These data suggest that BH3-only proteins in B cell homeostasis operate in a hierarchical order, highlighting the chief role of Bim in governing this process. 
